Data are submitted as an excel file as supplemental material.

Introduction {#sec001}
============

Over the past decade, there has been increased consumer interest in grass-finished beef (GFB), evidenced by retail sales reaching \$272 million in 2016 \[[@pone.0229340.ref001]\]. Grass-finished beef refers to products from cattle raised solely on pasture forages without grain supplementation. Research suggests that GFB is generally higher in certain nutrients beneficial to human health and meets growing consumer preferences in meat production systems \[[@pone.0229340.ref002]\]. Importantly, GFB is richer in vitamins and minerals and lower in total fat than conventional grain-finished beef. Simply lowering concentrate feed in grain systems and replacing with grass feed stuffs results in lower saturated fatty acids in beef \[[@pone.0229340.ref003]\]. Compared to grain-finished beef, GFB also has a lower omega-6 (n-6) to omega-3 (n-3) fatty acid (FA) ratio and higher amounts of the vitamin A precursor β-carotene \[[@pone.0229340.ref004]\]. These observations have supported the growing shift from grain-finished beef to GFB. Interestingly, there is no USDA definition of the 'grass-fed' label in regards to production strategies or nutritional profile, making it difficult for consumers to evaluate healthfulness when comparing different GFB products \[[@pone.0229340.ref005]\]. The standard reference for GFB on the USDA food database (NDB Id: 13047) does not include information on individual FA breakdown or data on nutrient variation, both of which are crucial to gaining a deeper understanding of the benefits of GFB \[[@pone.0229340.ref006]\]. Further, beef products carrying the 'grass-fed' label originate from cattle from a variety of landscapes, climates and agricultural systems, and the interaction of these factors and their effects on the nutritional density of GFB requires more investigation.

Previous research from our group demonstrated that GFB nutritional content varies significantly by producer/production system \[[@pone.0229340.ref007]\]. Variations in mean total n-6 and n-3 FAs contributed to a 20-fold range in observed n-6 to n-3 ratios (1.80 to 28.3) with some reported ratios much higher than previously suggested for GFB. There is significant consumer interest in reducing n-6 FA consumption due to their purported pro-inflammatory properties linked to risk of rheumatoid arthritis, obesity, and cardiovascular disease, among others \[[@pone.0229340.ref008]\]. In contrast, omega-3 FAs are widely recognized for their role in reducing the risk of cardiovascular disease and diabetes, among other benefits \[[@pone.0229340.ref009]\] and red meat can be a source of n-3 FAs depending on feed systems \[[@pone.0229340.ref010], [@pone.0229340.ref011]\]. Hence, it is important to investigate the high variation in the n-3 and n-6 FA content of GFB to understand factors that influence FA levels such as season. For example, cattle finished in spring rather than fall have higher n-3 FAs \[[@pone.0229340.ref012]\]. Finishing in spring also increases the saturated FA (SFA) stearic acid, and the monounsaturated FA (MUFA) oleic acid in beef tissue \[[@pone.0229340.ref012], [@pone.0229340.ref013]\]. Stearic acid has a net neutral effect on serum cholesterol unlike the SFAs palmitic and myristic acid, which are associated with increases in serum LDL cholesterol \[[@pone.0229340.ref014]\]. Increases in LDL levels are associated with a higher risk of coronary events and stroke \[[@pone.0229340.ref015]\]. Oleic acid has beneficial effects against cancer and other inflammatory diseases \[[@pone.0229340.ref016]\]. It is unclear the exact mechanisms through which season affects GFB nutrient density and quality, though it may be related to changes in the forages cattle graze due to seasonal climate and plant composition changes.

The phytochemical and overall biochemical richness of pastures determines the nutrients available for consumption by cattle and affects the nutritional profile of the beef \[[@pone.0229340.ref017]\]. For example, simply allowing cattle to graze on fresh grass rather than harvested silage results in higher oleic acid, linoleic acid (LA), and alpha-linolenic acid (ALA) content deposition in the muscle tissue, presumably due to higher lipid oxidation in harvested feed \[[@pone.0229340.ref018]\]. Types of grass and forage species affect available nutrients for consumption as well. Orchard grass, tall fescue and perennial ryegrass are all richer in the n-3 ALA than alfalfa, which has approximately 2 mg more of the n-6 LA per gram than the other grasses \[[@pone.0229340.ref019]\]. Additionally, adding certain forages such as red clover to silage can boost LA and ALA levels in beef tissue above levels present if cattle graze only on fresh grass \[[@pone.0229340.ref020]\]. Compounds in red clover reduce rumen FA biohydrogenation, preventing the metabolism of n-3 FAs as well as conjugated linoleic acid (CLA) \[[@pone.0229340.ref021], [@pone.0229340.ref022]\]. CLA is group of dietary polyunsaturated FAs (PUFA) that are isomers of LA. The major form of CLA produced in both humans and ruminants is the 9Z, 11E CLA isomer (also known as rumenic acid), and its consumption is linked to reductions in obesity, cancer and diabetes \[[@pone.0229340.ref023]--[@pone.0229340.ref025]\]. The nutrient composition of pasture grass and forages is dependent on numerous factors including soil mineral content, soil moisture, weather, and climate, as well as plant species, maturity, and leaf to stem ratio \[[@pone.0229340.ref026], [@pone.0229340.ref027]\]. Seasonal changes affect available plants for consumption and despite the ability of animals to adapt to changes in forages, the marked decrease in overall pasture forage mass during the end of growing season cannot be fully compensated for by cattle \[[@pone.0229340.ref028]\]. Therefore, in temperate climates present throughout the USA, seasonal variation in forages likely affects GFB nutrient composition, causing both inter- and intra-producer GFB nutrient variation throughout the year.

The objective of this study was to compare seasonal variations in mineral, antioxidant and fatty acid content of GFB. These results provide crucial insights into the impact of season and feed on the nutritional composition of GFB products among various producers across the country and may be utilized for producer recommendations to enhance the nutrient density of the GFB product.

Materials and methods {#sec002}
=====================

This project received Exempt 2 status from the Michigan State University Institutional Review Board, IRB\# x16-1273e, October 12^**th**^, 2016.

Sample collection {#sec003}
-----------------

The samples analyzed in this study were cut from the anterior portion of the strip loin (IMPS/NAMP 180 Beef Loin, Strip Loin). Twelve producers submitted samples for nutrient analysis, as previously described \[[@pone.0229340.ref007]\]. Samples harvested in the fall were collected between September 2016 --February 2017 and spring harvested samples were collected between June 2017---August 2017. Four producers submitted at least 25 samples from cattle finished in both fall and spring and were the focus of the present study. Producer names and locations cannot be specified due to Institutional Review Board specified survey confidentiality, however, the samples originated from Nebraska, Oklahoma, and Georgia. Samples spent approximately 31 days in a freezer by producers prior to submission and were stored at -80°C prior to analysis.

Beef nutrient analysis {#sec004}
----------------------

All solvents were analytical grade and purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Beef amples were analyzed for mineral, antioxidant and fatty acid content as detailed previously \[[@pone.0229340.ref007]\]. Briefly, a microwave assisted extraction method was used to extract FAs from 400 mg of beef samples by heating samples at 55°C for 15 mins in 8 mL of a 4:1 (v/v) solution of ethyl acetate: methanol containing 0.1% (w/v) butylated hydroxytoluene. A CEM Corporation (Matthews, North Carolina, USA) Mars 6 microwave digestion machine was used for FA extraction. Fatty acids were derivatized to FA methyl-esters (FAMEs) by heating for 1.5h in a 1.09M methanolic HCl solution. Samples were analyzed using the Perkin-Elmer (Waltham, MA, USA) 680/600S GC-MS equipped with an Agilent Technologies (Santa Clara, CA, USA) DB-23, 30-m column for FAME quantification. GC profile was as follows: initial temperature at 100°C for 0.5 min; ramp 7.0°C/min to 245°C; hold 2 min. GC-MS data was analyzed with MassLynx V4.1 (Waters Corporation; Milford, MA, USA). For mineral analysis, dried beef samples were digested overnight at 75°C in 2 mL of nitric acid and minerals were quantified using an Agilent 7900 inductively coupled plasma-mass spectrometer. For antioxidant analysis, beef samples were homogenized and frozen in water prior to the extraction of β-carotene and α-tocopherol with hexane. The antioxidants were separated using a Waters 2 Acquity System (Waters Corporation, Milford, MA) and quantified using UV-spectroscopy.

Statistical analysis {#sec005}
--------------------

Fatty acids were reported as mg FA/100g of tissue and percent of total of FAs. Macrominerals were expressed as mg mineral/100g tissue, while microminerals and antioxidants are expressed in μg mineral/100g tissue. Mean ± standard error of the mean (SEM) were presented for FAs, antioxidants and minerals. Parametric analyses were used for antioxidants, minerals and FAs. All variables were log~10~ transformed prior to significance testing to ensure normality due to skewness in some variables. The Welch t-test was used to assess intra-producer FA differences as the assumption of equal sample sizes is not required. Seasonal differences in total FAs were determined by controlling for producer associated differences using a two-way ANOVA with interaction: log~10~(fatty acid/mineral/antioxidant) = season + producer + season\*producer. Differences in specific nutrients by producer were further evaluated using a one-way ANOVA and Tukey's post-hoc analysis. Data analysis was performed using R (R version 3.4.3, Vienna, Austria). *P*-values ≤0.05 were considered statistically significant. The dataset and R code have been made available in the supplement ([S1](#pone.0229340.s001){ref-type="supplementary-material"} and [S2](#pone.0229340.s002){ref-type="supplementary-material"} Appendix, respectively).

Results {#sec006}
=======

Producer comparisons of beef cattle by region, finishing diets and age at harvest are summarized in [Table 1](#pone.0229340.t001){ref-type="table"}. Producers are related to a previous study by Bronkema et al. and the producer numbers match those in that study \[[@pone.0229340.ref007]\]. The cattle age at harvest for all four producers ranged between 23 and 28 months. A total of 512 samples were analyzed, approximately half of which were from Producer 8 (n = 250). In total, 202 samples were collected in the fall and 310 during spring. The type of cattle were Angus or Angus cross for all producers. Finishing diets were fed beginning 60 days prior to slaughter, as reported by producers. Fall and spring finishing diets varied for producers 2 and 8 but not 4, and producer 5 did not disclose feeding information.

10.1371/journal.pone.0229340.t001

###### Producer comparison of cattle age and finishing diet^1^.

![](pone.0229340.t001){#pone.0229340.t001g}

  Producer   Total samples   Region      Fall finishing diet                                                                                                                      Spring finishing diet                                                                     Age at harvest (months)
  ---------- --------------- ----------- ---------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------- -------------------------
  2          n = 75          Midwest     Brown midrib (BMR) forage sorghum, oat/pea/triticale silage, apple cider vinegar, cane molasses, soybean hulls                           Oat/pea silage, alfalfa, BMR silage, cane molasses, soybean hulls                         23--26
  F = 25                                                                                                                                                                                                                                                                    
  S = 50                                                                                                                                                                                                                                                                    
  4          n = 106         Southeast   Summer annuals and warm season perennial pasture with either cool season baleage or cool season annuals and warm season annual baleage   Same as fall                                                                              23
  F = 35                                                                                                                                                                                                                                                                    
  S = 71                                                                                                                                                                                                                                                                    
  5          n = 81          Midwest     NA                                                                                                                                       NA                                                                                        NA
  F = 43                                                                                                                                                                                                                                                                    
  S = 38                                                                                                                                                                                                                                                                    
  8          n = 250         Southwest   Seasonal forages                                                                                                                         Winter annuals (barley, wheat) and sorghum sudan silage or native pasture and BMR sudan   24--28
  F = 99                                                                                                                                                                                                                                                                    
  S = 151                                                                                                                                                                                                                                                                   

^1^Finishing diet fed beginning 60 d prior to slaughter as reported by producers. Data not reported is indicated by NA. F = fall, S = spring.

Total FA (mg FA/100g tissue) of beef significantly varied by producer ([Table 2](#pone.0229340.t002){ref-type="table"}) in fall and spring (*P*\<0.001). Samples from producer 4 had the highest overall FA content (1122±54.0), followed by producers 2, 5 and 8. Producer 2 had significantly higher total FA in the fall (1250±123) compared to spring (778±54.2; *P* = 0.001), while producer 4 had higher total FA in the spring (*P*\<0.001). No significant seasonal differences in total FAs was found for producers 5 and 8.

10.1371/journal.pone.0229340.t002

###### Seasonal variation in total fatty acid levels in mg FA/100g tissue by producer (mean ± SEM).

![](pone.0229340.t002){#pone.0229340.t002g}

                                                         Producer                                                 
  ------------------------------------------------------ ------------- -------------- ------------- ------------- -------------
  Total FA                                               935±60.1^b^   1122±54.0^a^   835±59.4^b^   544±17.2^c^   **\<0.001**
  Fall (F)                                               1250±123^a^   823±68.4^b^    828±83.7^b^   539±27.0^c^   **\<0.001**
  Spring (S)                                             778±54.2^b^   1269±66.9^a^   842±85.2^b^   548±22.3^c^   **\<0.001**
  F vs S p-value[^2^](#t002fn002){ref-type="table-fn"}   **0.002**     **\<0.001**    0.828         0.904         

^1^One-way ANOVA was used to compare overall fatty acid differences across producers and Tukey's post-hoc test for multiple comparisons was performed. Means in a row without a common letter differ, *P*\<0.05.

^2^Welch-approximation t-test was performed to compare seasonal differences in total fatty acids within producers.

Seasonal variation of specific fatty acids reported in mg FA/100g tissue are shown in [Table 3](#pone.0229340.t003){ref-type="table"}, and by percent of total FA in [S1 Table](#pone.0229340.s003){ref-type="supplementary-material"}. After controlling for producer variation, total SFAs and MUFAs were higher in spring compared to fall, although not statistically significant. The n-6 arachidonic acid (AA) and dihomo-gamma linolenic acid (DGLA) were significantly higher in the spring compared to fall (*P*\<0.010). Similarly, the n-3 FAs ALA, eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and docosahexaenoic (DHA) were significantly higher in spring compared to fall (*P*\<0.001). Consequently, the n-6:n-3 ratio was significantly lower in spring compared to fall (*P*\<0.001).

10.1371/journal.pone.0229340.t003

###### Overall, fall and spring mean ± SEM data beef fatty acids (mg FA/100g tissue) of all producer data combined.

![](pone.0229340.t003){#pone.0229340.t003g}

  Fatty acid    Carbon \#   Overall (n = 512)   Fall (n = 202)   Spring (n = 310)   P-value[^1^](#t003fn001){ref-type="table-fn"}
  ------------- ----------- ------------------- ---------------- ------------------ -----------------------------------------------
  Myristic      14:0        16.2±0.63           15.5±0.94        16.6±0.85          0.735
  Palmitic      16:0        216±6.65            211±10.7         219±8.49           0.451
  Margaric      17:0        8.43±0.31           7.79±0.40        8.84±0.43          0.109
  Stearic       18:0        99.5±2.59           96.6±4.17        101±3.30           0.227
  Tricosanoic   23:0        0.32±0.01           0.27±0.01        0.35±0.01          **\<0.001**
  Lignoceric    24:0        0.55±0.01           0.41±0.01        0.60±0.01          **\<0.001**
  Total SFA                 340±10.0            331±16.0         346±12.9           0.355
  Myristoleic   14:1n-7     4.45±0.18           4.36±0.23        4.51±0.25          0.098
  Palmitoleic   16:1n-7     25.1±0.87           23.4±1.24        26.1±1.19          0.175
  Oleic         18:1n-9     311±9.79            299±15.4         319±12.7           0.226
  Total MUFA                341±10.8            327±16.8         350±14.0           0.229
  Linoleic      18:2n-6     50.3±1.20           47.5±1.53        52.2±1.71          0.100
  DGLA          20:3n-6     3.87±0.08           3.38±0.10        4.19±0.11          **\<0.001**
  Arachidonic   20:4n-6     17.8±0.32           16.9±0.45        18.5±0.43          **0.003**
  Total n-6                 72.0±1.54           67.7±1.98        74.8±2.18          **0.018**
  ALA           18:3n-3     5.16±0.16           4.70±0.24        5.45±0.21          **\<0.001**
  EPA           20:5n-3     3.14±0.10           2.58±0.13        3.49±0.13          **\<0.001**
  DPA           22:5n-3     3.83±0.08           3.01±0.10        4.36±0.11          **\<0.001**
  DHA           22:6n-3     0.32±0.01           0.28±0.01        0.34±0.01          **\<0.001**
  Total n-3                 12.2±0.33           10.3±0.45        13.4±0.44          **\<0.001**
  9Z, 11E CLA   18:2n-7     1.55±0.06           1.28±0.08        1.73±0.08          **\<0.001**
  Total PUFA                85.8±1.43           79.3±1.83        90.0±2.01          **\<0.001**
  n-6:n-3                   11.7±0.61           13.5±1.05        10.5±0.72          **\<0.001**
  SFA:PUFA                  3.93±0.09           4.17±0.17        3.78±0.10          **0.004**

^1^P-value of seasonal term from two-way ANOVA of pooled data with model: FA = season + producer + producer\*season. ALA, alpha-linolenic acid; CLA, conjugated linoleic acid; DGLA, dihomo-gamma linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acid; MUFA, monounsaturated FA; n-3, omega-3; n-6, omega-6; n-6:n-3 ratio, total omega-6/total omega-3 ratio; PUFA, polyunsaturated fatty acid; SFA, saturated FA. SFA:PUFA = Total SFA/Total PUFA

[Table 4](#pone.0229340.t004){ref-type="table"} shows mineral and antioxidant content in beef tissue. Sodium, phosphorus and β-carotene were significantly higher in the fall compared to spring. However, the macrominerals magnesium and potassium, microminerals iron, zinc, and selenium, and α-tocopherol were significantly higher in the spring.

10.1371/journal.pone.0229340.t004

###### Mineral and antioxidant concentration of beef tissue (mean ± SEM).

![](pone.0229340.t004){#pone.0229340.t004g}

  Macromineral (mg/100g)       Overall (n = 512)   Fall (n = 202)   Spring (n = 310)   P-value[^1^](#t004fn001){ref-type="table-fn"}
  ---------------------------- ------------------- ---------------- ------------------ -----------------------------------------------
  Sodium                       40.8±0.29           42.5±0.43        39.7±0.38          **\<0.001**
  Magnesium                    25.8±0.07           25.5±0.12        26.1±0.07          **\<0.001**
  Phosphorus                   209±0.49            215±0.88         205±0.45           **\<0.001**
  Sulfur                       206±0.56            206±0.91         205±0.71           0.292
  Potassium                    423±1.00            419±1.85         425±1.11           **\<0.001**
  **Micromineral (μg/100g)**                                                           
  Iron                         2125±47.7           2122±115         2127±23.8          **0.012**
  Zinc                         4085±32.7           3976±45.5        4155±44.7          **0.009**
  Copper                       63.3±0.69           64.0±0.97        62.9±0.94          0.391
  Selenium                     17.8±0.26           17.3±0.45        18.2±0.32          **0.008**
  Molybdenum                   2.76±0.12           2.59±0.20        3.11±0.12          0.269
  **Antioxidant (μg/100g)**                                                            
  β-carotene                   31.9±0.45           33.6±0.75        30.3±0.55          **0.030**
  α-tocopherol                 245±5.73            223±10.7         259±6.25           **\<0.001**

^1^Statistical significance of seasonal term from two-way ANOVA of pooled data with model: mineral/antioxidant = season + producer + producer\*season.

To investigate which producers contributed to significant seasonal differences in FAs, n-3 and n-6 fatty acids were further categorized by season and producer as shown in [Table 5](#pone.0229340.t005){ref-type="table"} (data for all FAs available in [S2 Table](#pone.0229340.s004){ref-type="supplementary-material"}). Total n-3 FAs were significantly higher in the spring compared to fall for 3 out of 4 producers. Producers 2 and 8 had higher total n-3 FAs compared to 4 and 5, but lower total n-6 FAs regardless of season. Cattle from producer 4 had significantly higher total n-3 and n-6 FAs in the spring compared to fall (*P*\<0.05). Macro/micro mineral content ([Table 6](#pone.0229340.t006){ref-type="table"}) varied between seasons with no clear trend. Detection of β-carotene varied from producers, ranging between 6.7% of samples in producer 2 to 72.4% in producer 8. Samples from producer 4 had the highest α-tocopherol levels in the fall amongst all producers, which was also significantly higher compared to its levels in the spring.

10.1371/journal.pone.0229340.t005

###### Polyunsaturated fatty acid (mg FA/100g tissue) differences by producer and season (mean ± SEM)[^1^](#t005fn001){ref-type="table-fn"}.
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  Fatty acid               Producer 2 (n = 75)   Producer 4 (n = 106)   Producer 5 (n = 81)   Producer 8 (n = 250)
  --------------- -------- --------------------- ---------------------- --------------------- ----------------------
  ALA                                                                                         
                  Fall     6.84±0.59^a^          1.46±0.12^b\*^         2.00±0.30^b^          6.50±0.29^a^
                  Spring   5.83±0.26^a^          3.26±0.47^b^           1.76±0.16^c^          7.28±0.27^a^
  EPA                                                                                         
                  Fall     2.90±0.36^a^          0.76±0.07^b\*^         1.30±0.16^b\*^        3.60±0.16^a\*^
                  Spring   3.00±0.20^b^          1.52±0.20^d^           1.79±0.14^c^          4.87±0.18^a^
  DPA                                                                                         
                  Fall     3.94±0.24^a\*^        1.59±0.11^b\*^         1.99±0.15^b\*^        3.72±0.13^a\*^
                  Spring   4.67±0.20^a^          2.79±0.20^b^           2.88±0.17^b^          5.36±0.14^a^
  DHA                                                                                         
                  Fall     0.28±0.03^a\*^        0.19±0.01^a^           0.23±0.02^a\*^        0.30±0.02^a\*^
                  Spring   0.35±0.02^a^          0.23±0.01^b^           0.30±0.02^ab^         0.37±0.01^a^
  Total n-3                                                                                   
                  Fall     14.0±1.08^a^          3.76±0.26^b\*^         5.30±0.56^b\*^        13.9±0.54^a\*^
                  Spring   13.8±0.59^b^          7.47±0.85^c^           6.55±0.39^c^          17.8±0.54^a^
  Linoleic                                                                                    
                  Fall     43.4±3.02^c^          70.3±3.26^a\*^         59.2±3.29^b^          35.4±1.38^c^
                  Spring   36.6±1.41^c^          91.3±3.52^a^           64.1±3.47^b^          35.9±1.14^c^
  DGLA                                                                                        
                  Fall     3.38±0.24^bc^         4.55±0.24^a\*^         3.88±0.22^ab\*^       2.75±0.11^c\*^
                  Spring   3.41±0.13^c^          6.49±0.23^a^           4.64±0.20^b^          3.25±0.09^c^
  Arachidonic                                                                                 
                  Fall     14.2±0.70^b^          22.8±1.46^a\*^         18.8±0.89^a^          14.6±0.44^b^
                  Spring   15.0±0.54^c^          27.5±0.98^a^           18.9±0.89^b^          15.3±0.39^c^
  Total n-6                                                                                   
                  Fall     61.0±3.76^c^          97.6±4.58^a\*^         81.8±4.11^b^          52.7±1.80^c^
                  Spring   55.1±1.84^c^          125±4.52^a^            87.6±4.20^b^          54.5±1.53^c^
  9Z, 11E CLA                                                                                 
                  Fall     1.66±0.23^a^          0.83±0.13^c\*^         1.21±0.22^bc^         1.37±0.11^ab\*^
                  Spring   1.18±0.14^b^          1.85±0.19^a^           1.26±0.22^b^          1.98±0.12^a^
  Total PUFA                                                                                  
                  Fall     76.6±4.35^bc^         102±4.75^a\*^          88.3±4.07^ab^         68.0±1.84^c\*^
                  Spring   70.0±2.35^c^          135±4.22^a^            95.4±4.54^b^          74.2±1.56^c^
  n-6:n-3 ratio                                                                               
                  Fall     4.78±0.35^c^          30.1±2.29^a\*^         23.4±2.34^b^          5.62±0.83^c\*^
                  Spring   4.10±0.10^c^          27.1±1.91^a^           14.9±1.02^b^          3.75±0.22^d^

^1^One-way ANOVA with Tukey's post-hoc analysis was performed to compare of FA data between producers in each season. Mean values in a given row without a common letter differ, *P*\<0.05. Asterisk (\*) indicates significantly different in fall compared to spring within producer by Welch t-test, *P*\<0.05. ALA, alpha-linolenic acid; CLA, conjugated linoleic acid; DGLA, dihomo-gamma linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; n-6:n-3 ratio, total omega-6/total omega-3 FA ratio; PUFA, polyunsaturated fatty acid.

10.1371/journal.pone.0229340.t006

###### Macromineral (mg/100g tissue), micromineral (ug/100g tissue) and antioxidant (ug/100g tissue) comparison by producer and season (mean ± SEM)[^1^](#t006fn001){ref-type="table-fn"}.
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  Minerals and Antioxidants                                        Producer 2 (n = 75)   Producer 4 (n = 106)   Producer 5 (n = 81)   Producer 8 (n = 250)
  -------------------------------------------------- ------------- --------------------- ---------------------- --------------------- ----------------------
  Sodium                                                                                                                              
                                                     Fall          46.0±0.80^a\*^        44.0±0.80^ab\*^        41.7±0.83^b^          41.4±0.69^b\*^
                                                     Spring        36.7±0.63^c^          39.9±0.66^ab^          43.0±1.08^a^          39.8±0.60^b^
  Magnesium                                                                                                                           
                                                     Fall          24.0±0.31^b\*^        25.4±0.18^a\*^         25.7±0.28^a\*^        25.7±0.18^a^
                                                     Spring        25.9±0.13^b^          25.9±0.14^b^           26.6±0.23^a^          26.1±0.10^ab^
  Phosphorus                                                                                                                          
                                                     Fall          204±1.93^b^           207±1.57^b\*^          219±1.93^a\*^         217.9±1.15^a\*^
                                                     Spring        202±0.84^c^           203±0.80^bc^           210±1.51^a^           206±0.65^b^
  Sulphur                                                                                                                             
                                                     Fall          207±2.29^ab\*^        199±1.46^b\*^          206±1.77^ab^          209±1.44^a\*^
                                                     Spring        201±1.46^b^           210±1.44^a^            211±1.99^a^           203±1.02^b^
  Potassium                                                                                                                           
                                                     Fall          395±5.07^c\*^         401±2.86^c\*^          418±3.20^b^           432±2.33^a^
                                                     Spring        414±2.27^b^           428±2.12^a^            417±3.23^b^           430±1.57^a^
  Iron                                                                                                                                
                                                     Fall          1994±73.8^a^          2118±239^a^            2524±498^a^           1982±36.4^a\*^
                                                     Spring        2139±55.4^a^          2112±53.6^a^           2086±72.7^a^          2141±33.1^a^
  Zinc                                                                                                                                
                                                     Fall          3831±109^a\*^         3849±121^a\*^          4035±108^a^           4033±61.7^a^
                                                     Spring        3553±89.5^c^          4631±101^a^            4250±116^ab^          4109±54.5^b^
  Copper                                                                                                                              
                                                     Fall          60.3±1.23^ab^         71.6±3.70^a^           68.8±2.15^a^          59.2±0.59^b^
                                                     Spring        61.1±1.08^ab^         62.6±1.22^ab^          69.2±1.73^a^          62.1±1.74^b^
  Selenium                                                                                                                            
                                                     Fall          21.0±1.25^a^          12.9±0.56^c\*^         22.5±1.18^a\*^        15.6±0.45^b^
                                                     Spring        23.3±0.40^a^          16.1±0.54^b^           25.1±0.69^a^          15.7±0.34^b^
  α-tocopherol                                                                                                                        
                                                     Fall          142±22.3^b^           368±10.4^a\*^          185±17.5^b^           208±16.8^b\*^
                                                     Spring        142±5.87^b^           290±11.8^a^            171±10.4^b^           305±7.98^a^
  β-carotene[^2^](#t006fn002){ref-type="table-fn"}                                                                                    
                                                     \% detected   6.7%                  19.8%                  7.4%                  72.4%
                                                     Fall          37.4±1.64^a^          26.4±0.54^a^           30.3±1.23^a^          34.4±1.12^a\*^
                                                     Spring        \<LOD                 32.3±2.81              \<LOD                 30.1±0.56

^1^One-way ANOVA and Tukey's post-hoc analysis was performed to compare mineral/antioxidant values between producers in each season. Mean values in a given row without a common letter differ, *P*\<0.05. Asterisk (\*) indicates significantly different in fall compared to spring within producer by Welch t-test, *P*\<0.05.

^2^β-carotene measurements below limit of detection (LOD) were excluded from the analysis. Percent of samples in which β-carotene was detected is provided in the table.

Discussion {#sec007}
==========

The potential healthfulness of GFB is one of the primary drivers of consumer interest in the product \[[@pone.0229340.ref029]\]. Research on GFB has mainly focused on its low ratio of n-6 to n-3 FAs \[[@pone.0229340.ref004], [@pone.0229340.ref007], [@pone.0229340.ref013], [@pone.0229340.ref022]\]. A 2:1 n-6 to n-3 dietary ratio is considered ideal \[[@pone.0229340.ref030]\], however, typical 'western diets' are estimated to be 20:1 and grain-finished beef have reported ratios up to 13.6:1 \[[@pone.0229340.ref031], [@pone.0229340.ref032]\]. In this study, the n-6 to n-3 ratio was lower in spring samples but slightly higher than previous reports on GFB \[[@pone.0229340.ref032]--[@pone.0229340.ref034]\]. Total n-6 FAs were significantly higher in spring samples, specifically the FAs AA and DGLA. While AA is considered pro-inflammatory, DGLA is an n-6 FA that can help prevent inflammation, a hallmark of diseases such as obesity, diabetes, and cancer, by blocking the production of pro-inflammatory lipids such as prostaglandins \[[@pone.0229340.ref035], [@pone.0229340.ref036]\]. More notably, the reduction of the ratio in spring was driven by an increase of 3 mg/100g tissue of total n-3 FAs which is considered more important in improving health outcomes than simply a reduction in n-6 FAs \[[@pone.0229340.ref037]\]. The increase of n-3 FAs in spring GFB is likely due not only to higher total n-3 in pasture forages, but also higher antioxidant content in spring than fall. Antioxidants reduce lipid oxidation and help prevent rumen biohydrogenation of certain FAs such as the n-3s \[[@pone.0229340.ref020], [@pone.0229340.ref038], [@pone.0229340.ref039]\]. This also extends the shelf-life of GFB \[[@pone.0229340.ref040]\]. Two important lipid soluble antioxidants are β-carotene and α-tocopherol. β-carotene values ranging from 16--74 ug/100g tissue have been reported in GFB \[[@pone.0229340.ref038], [@pone.0229340.ref041]\], with both α-tocopherol and β-carotene levels supposedly higher in spring and summer samples than fall due to increased pasture grass intake \[[@pone.0229340.ref042]\]. In this study, β-carotene was significantly higher in the fall though the actual values were similar in both spring and fall. Importantly, α-tocopherol, approximately seven times more abundant than β-carotene regardless of season, was significantly higher in spring samples and, therefore, may have contributed more heavily to preserving n-3 FAs than β-carotene. Another important antioxidant quantified in this study was the micromineral selenium. Selenium plays an important role in human metabolism and deficiencies can increase the risk of heart disease and even cancer \[[@pone.0229340.ref043]\]. Spring GFB had a higher Se content than fall, and Se may also contribute to preserving n-3 FAs in tissue by preventing lipid peroxidation \[[@pone.0229340.ref044]\]. Strategies aiming to improve the n-3 content and n-6:n-3 ratio of fall GFB should therefore focus not only on increasing the n-3 content of forages, but also total antioxidant content.

While seasonal trends in FA content were clear in the overall sample set, some variation was evident from producer to producer. Several studies have shown that variations in forage species in the finishing diet can affect the FA profile of GFB. For example, GFB from cattle finished on alfalfa had lower levels of stearic acid than those finished on bermudagrass, cowpea, chicory or pearl millet \[[@pone.0229340.ref045]\]. In a separate study, beef from cattle finished on alfalfa showed a greater amount of ALA than those finished on mixed pasture or pearl millet \[[@pone.0229340.ref046]\]. Additionally, cattle finished on birdsfoot trefoil, a perennial legume, have increased ALA and DPA compared to that finished solely on grass \[[@pone.0229340.ref002]\]. Because of the survey-based nature of this study, information on diets fed to the cattle is limited, and based only on self-reported data from the producer. Producer 2 indicated the most variation in diets between season, with a difference in the fresh forage base (forage sorghum in fall vs alfalfa in spring), as well as some variation in the harvested feeds supplemented in each season. Despite this variation, the total n-3 and total n-6 FA content of the beef was not different between seasons. Producer 8 also indicated differences between seasonal diets, with the addition of harvested feeds in the spring diet of some of their cattle. Despite the addition of harvested feeds to the diet, which has been reported to reduce n-3 FA content of beef compared to solely fresh forages \[[@pone.0229340.ref003]\], total n-3 FA were greater in beef from cattle finished in the spring, and the n-6:n-3 ratio was significantly lower. Producer 4 did not indicate specific differences in the diets fed to cattle between seasons, however, both n-3 and n-6 FA were significantly higher in the spring samples. Therefore, while differences in feed may explain some of the variation in GFB FA profiles, there are likely seasonal factors that affect the FA profile of GFB going beyond simply the finishing diets.

Overall, mineral values were similar to those previously reported in GFB \[[@pone.0229340.ref032]\]. It has been suggested that the mineral content of GFB is highly dependent on the soil mineral composition on which forages are grown \[[@pone.0229340.ref047]\], though analysis of pasture soil and grass mineral content has shown little correlation \[[@pone.0229340.ref048]\]. However, seasonal trends for plant species, not soil, were found, with higher plant mineral content during the spring months than late summer/fall \[[@pone.0229340.ref049]\]. Unfortunately, information on plant species of the feeds in this study is limited. Still, despite producers being from different regions of the USA and employing different feeds for cattle, the mineral content of both fall and spring samples was fairly consistent and there was no clear relationship between overall mineral content and season. There is a growing amount of evidence suggesting beef mineral content is largely affected by genetics and muscle \[[@pone.0229340.ref050]\]. In the present study, producers reported similar breeds of cattle, Angus or Angus-cross, and the same strip loin cut was taken from all animals for analysis, perhaps an explanation for the similarities in mineral contents across producers.

In addition to feed, geographical region and the related climate are known to affect cattle growth, weight and, hence, FA content \[[@pone.0229340.ref051], [@pone.0229340.ref052]\]. Therefore, while seasonal variations in weather and feed may help explain the changes in relative amounts of FA within producers and in different seasons, large differences in inter-producer FA content may also be dependent on the overall climate in the regions from which samples originated. For example, the total FA content of Producers 2, 4 and 5 ranged from 705--969 mg FA/100g tissue whereas Producer 8 was significantly lower at 485 mg FA/100g. Producer 8 is located in the southern plains of the USA which has experienced increased occurrences of consistently hot weather punctuated with short bouts of extreme weather rather than prolonged, differing seasons \[[@pone.0229340.ref053]\]. The effects of long term heat stress on the FA profile of cattle is poorly studied, though there is some evidence to suggest that adipocytes are conserved during hyperthermia and skeletal muscle breakdown provides nutrients to aid in survival of cattle during such stress \[[@pone.0229340.ref054]\]. It is possible that cattle from producers 2, 4 and 5, located in different climates, may have experienced fewer or less consistent heat stress events than cattle from producer 8, potentially affecting the fat content of muscle tissue. However, much more research is needed on how long-term heat stress affects the growth and nutrient composition of the animals before any conclusions can be made. This is particularly important for GFB, as cattle roam freely in pastures in full exposure to the weather and high temperatures may adversely affect grazing patterns.

This study has limitations and strengths. As the study relied on self-reported producer data, some information regarding carcass drying time and feed composition was either incomplete or missing entirely, and both factors can affect the GFB nutritional profiles. Due to study parameters and restrictions, analysis of pasture grass and forage nutrient content was not possible, making it difficult to determine the relationships between nutrients in feed and subsequent absorption into muscle tissue. Additionally, the precise location of producers cannot be revealed due to survey confidentiality, limiting analysis on the effects of geographical and weather/climate factors on the nutrient content of beef samples. This study has numerous strengths as well. This is one the few studies that analyzed GFB originating from the USA from multiple producers across diverse regions for fatty acid, mineral, and antioxidant content. Additionally, a large sample size of GFB samples was employed to make meaningful comparisons of the quantified nutritional content of beef samples available throughout the year. This study collected samples marketed to consumers, providing direct examples of GFB products available in the market. Hence, the information provided here sheds light on the large variation in GFB products from the same producer, among different producers, and between seasons, highlighting the need for better systems to define and clarify the nutritional content of GFB products sold to consumers. Future studies should focus on the nutritional content of GFB products from different producers located within the same region (i.e. Midwest) to determine if and to what extent locality affects the nutritional consistency of GFB products. More studies are also needed on the impact of specific forages on the nutritional profile of GFB, as this information may help design feeding strategies to improve and maintain the nutritional content of beef throughout the year. Finally, more work needs to be done to create classifications for GFB products that allow consumers to compare different products and better understand the nutritional consequences of their food.

Conclusions {#sec008}
===========

This was an in-depth analysis of the seasonal variation in the antioxidants, minerals, and FAs of GFB samples collected from four producers located throughout the USA. Overall, total n-3 FAs were higher in spring (13.4 mg/100g beef) samples than fall (10.3; P\<0.001), as was the antioxidant α-tocopherol and several microminerals including selenium. Significant nutritional differences were observed in fall and spring samples from producers reporting the same feeding strategy in both seasons, hence finishing diets may not solely explain seasonal nutritional variability in GFB. Factors such as local climates and changes in pasture composition between seasons were beyond the scope of this study but likely affected the nutrient deposition in GFB tissue. Future studies should analyze whether relative nutritional differences in forages are related to changes observed in GFB nutrients. Additionally, future studies may explore the effects of long-term heat stress on the nutritional content of GFB as that may explain some of the nutritional variation observed between producers from different regions of the USA. Still, the large sample size and wide scope of this study highlights the clear need for a better classification system to identify and distinguish among GFB products of different origins and may be used to inform future studies and interventions aimed at improving the nutrient quality of available GFB.
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###### Overall, fall and spring median ± IQR data of analyzed fatty acids (% total FA).

ALA, alpha-linolenic acid; CLA, conjugated linoleic acid; DGLA, dihomo-gamma linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acid; MUFA, monounsaturated FA; n-3, omega-3; n-6, omega-6; PUFA, polyunsaturated fatty acid; SFA, saturated FA
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###### Full FA breakdown by producer and season.

Welch t-test used to asses if significant differences existed between seasons for a given producer. One-Way ANOVA used to compare seasonal FAs among producers with Tukey's post-hoc test. Results of Tukey's test are in separate tabs for each season. ALA, alpha-linolenic acid; CLA, conjugated linoleic acid; DGLA, dihomo-gamma linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acid; MUFA, monounsaturated FA; n-3, omega-3; n-6, omega-6; PUFA, polyunsaturated fatty acid; SFA, saturated FA.
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